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Abstract  
Regular exercisers have lower fracture risk, despite modest effects of exercise on BMC. 
Exercise may produce localised cortical and trabecular bone changes that affect bone strength 
independently of BMC. We previously demonstrated that brief, daily unilateral hopping 
exercises increased femoral neck BMC in the exercise leg versus the control leg of older men. 
This study evaluated the effects of these exercises on cortical and trabecular bone and its 3D 
distribution across the proximal femur, using clinical computed tomography (CT).  
Fifty healthy men had pelvic CT scans before and after the exercise intervention. We used hip 
QCT analysis to quantify BMC in traditional regions of interest and estimate biomechanical 
variables. Cortical bone mapping localised cortical mass surface density and endocortical 
trabecular density changes across each proximal femur, which involved registration to a 
canonical proximal femur model. Following statistical parametric mapping, we visualised and 
quantified statistically significant changes of variables over time in both legs, and significant 
differences between legs.  
Thirty-four men aged 70 (4) years exercised for 12-months, attending 92% of prescribed 
sessions. In traditional ROIs, cortical and trabecular BMC increased over time in both legs. 
Cortical BMC at the trochanter increased more in the exercise than control leg, whilst 
femoral neck buckling ratio declined more in the exercise than control leg. Across the entire 
proximal femur, cortical mass surface density increased significantly with exercise (2.7%; 
P<0.001), with larger changes (>6%) at anterior and posterior aspects of the femoral neck 
and anterior shaft. Endocortical trabecular density also increased (6.4%; P<0.001), with 
localised changes of >12% at the anterior femoral neck, trochanter and inferior femoral head.  
Odd impact exercise increased cortical mass surface density and endocortical trabecular 
density, at regions that may be important to structural integrity. These exercise-induced 
changes were localised rather than being evenly distributed across the proximal femur.  
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Introduction 
Hip fractures are a major public health problem among older adults, incurring high economic 
and social costs (1). Low femoral neck areal bone mineral density (aBMD) is a strong 
predictor of hip fracture incidence (2-3), but the distribution of bone is also important in 
determining its strength and resistance to fracture (4-7). With increasing age, cortical thinning 
and trabecular loss may proceed at different rates, and differ in magnitude amongst localised 
regions of the proximal femur (8-12). Localised cortical thinning has been associated with an 
increased risk of hip fracture (13) and trabecular loss has been found in hip fracture cases 
(14). Consequently, interventions that target bone at regions susceptible to localised 
weakness may produce greater reductions in hip fracture incidence than could be expected 
from the changes in aBMD alone.  
Exercise is a simple lifestyle approach that may produce localised adaptations in bone. In the 
femoral neck, simulations indicate that exercise can induce bone formation (15). In animal 
models, site-specific loading has been reported to stimulate large increases in bone strength 
despite small changes in BMC (16-19), which may suggest a redistribution of bone mineral to 
localised regions where mechanical demands are greatest. The distribution of cortical bone at 
the femoral neck differs between athletes from different sports (20) and clinical trials have 
demonstrated  that exercise can differentially affect cortical and trabecular bone at the radius 
and tibia (21-22), although fractures at these skeletal sites are much less frequent and have 
fewer long-term consequences compared to the hip. One previous study of a short-term 
exercise intervention (~16 weeks) has quantified cortical and trabecular changes at the 
proximal femur using quantitative computed tomography (CT) in young adults (23).  
It is particularly important to determine whether exercise can affect the amount and 
distribution of cortical and trabecular bone in older people, who may have already 
experienced the cortical thinning and trabecular loss that may predispose to hip fracture. The 
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Hip-Hop study (24) demonstrated that short bursts of daily hopping exercises increased 
DXA-derived aBMD and bone mineral content (BMC) at the femoral neck in a randomly 
assigned exercise leg compared to a control leg in older men. This hopping programme 
provides high- and odd- impact loading, with similar characteristics to the training associated 
with cortical thickening at the femoral neck in athletes (20). We now aim to discover the 
effects of this hopping exercise programme on BMC and 3D distribution of cortical and 
trabecular bone throughout the entire proximal femur. We hypothesised that the hopping 
exercises would increase cortical and trabecular bone mass with localised variation in bone 
gains across the proximal femur.  
 
Methods 
Study design  
The study was designed as a randomised controlled trial of a 12-month unilateral exercise 
intervention, where changes in a randomly allocated exercise leg were compared to those in a 
control leg of the same participant (24). Leg allocation was randomised by the researcher 
who recruited participants and administered the exercise intervention using minimisation. 
Randomisation was conducted by participants selecting a card indicating the exercise leg 
(right or left side) from opaque sealed envelopes. Right and left sides were allocated, 
irrespective of limb dominance. All participants were asked to perform a programme of 
hopping exercises on their randomly assigned exercise leg only and to avoid any other 
changes to their physical activity or dietary habits during the trial. The primary outcome 
measure was integral BMC (g) and the secondary outcome measures were cortical and 
trabecular BMC (g) assessed by CT. Clinical CT scans were performed by radiographers 
blind to the leg allocation before (pre-intervention) and after (post-intervention) the exercise 
programme. CT scans were then analysed in a blind-to-treatment manner. A 7-day food diary, 
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and health and physical activity questionnaires, were completed pre-intervention. 
Anthropometric measurements, and body composition assessment by dual-energy x-ray 
absorptiometry (DXA), were taken pre-intervention and repeated post-intervention (24).  The 
study was registered on a clinical trials database (clinicaltrials.gov; CTR number: 
NCT02007460) and the trial was approved by the National Research Ethics Service and the 
Loughborough University Ethical Advisory Committee.  
Participants 
Participants were healthy community dwelling men of white European origin, aged between 
65 and 80 yrs, with no recent involvement in exercise (strength, power or weight-bearing 
endurance) for more than 1hr/wk and had no diagnosed or symptomatic diseases likely to 
influence bone, neuromuscular function or ability to perform exercises. Assuming a 
comparable effect size as seen in femoral neck aBMD in a previous unilateral hopping 
intervention study in premenopausal women (25) we estimated that a sample size of 30 
participants would be needed to yield a statistical power of 80% at 95% significance levels. 
One hundred and twenty-five older men were screened via telephone, and of these, seventy-
five men were excluded, as described previously (24). The men were recruited from the local 
community from the area around Loughborough, UK, from March to June 2010. All 
participants provided written informed consent. Pre-intervention measurements were 
conducted between June to September 2010 and post-intervention measurements between 
June to September 2011. 
Prescribed exercise programme 
All men were asked to participate in a home-based impact exercise intervention. "Impact 
exercise" may be defined as activities that take advantage of the body mass impacting the 
ground to generate gravitational and musculoskeletal loading. The unilateral impact exercises 
prescribed in this study elicited vertical ground reaction forces during landing of 2.7 body 
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weight, which increased to 3.0 times body weight after 6-months of exercise (24). A full 
description of the impact exercise programme has been reported previously (24). Briefly, 
each training session lasted approximately 10 minutes and consisted of short bursts (five sets 
of 10 hops, with 15 second rest between each set) of unilateral hopping exercises that were 
performed in a variety of directions (vertical, anterior-posterior, medio-lateral and rotational 
hops). Participants were asked to perform the hopping exercises as high and fast as they could 
on a hard, even surface in barefoot and when another person was nearby. This programme 
design was based on evidence originating from loading models in animals that demonstrate 
rapidly applied, high intensity unusually-distributed strains, interspersed with short regular 
rest periods, produce a maximal osteogenic response in bone at the site experiencing strain in 
a short duration (26-28). The multidirectional hopping exercises were intended to provide 
unusual and variably distributed strains (compression, bending, twisting) distributed across a 
greater proportion of the femoral neck than predominantly vertical high impact exercise such 
as vertical jumping. The progression of the 12-month impact exercise programme was 
individualised according to each participant’s exercise tolerance and ability. To monitor 
progression and safety, participants were also asked to attend supervised training sessions at 
Loughborough University (in groups of five to six participants) each week for the first month 
of the training and every three months thereafter. The amount of training completed, 
occurrence of injuries and/or adverse events were noted in a training log book over the 12 
month period.  
 
CT image acquisition  
Pre- and post-intervention scans were performed on a high resolution, 64 slice CT scanner 
(AquilionTM, Toshiba Medical Systems Corporation, Tokyo, Japan) at University Hospitals 
Leicester, UK. Scans were performed with a table height of 74 cm at 120 kV and with a tube 
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current of 70 to 200 mA, depending on the height and weight of participants. Participants 
were positioned supine on the scanner table, lying on top of a solid calibration phantom 
(Mindways) and bolus bags, which were placed from the lumbar vertebrae to the femoral 
shaft. To standardise placement of the proximal femur pre- and post-intervention, 
participants’ knees were positioned with 10o of knee flexion and their legs and feet were 
medially rotated by 15º and secured to a foot positioning block with Velcro straps, as used for 
DXA scan proximal femur positioning. All scans were acquired from 2 cm superior to the 
highest point of the acetabulum to 2 cm inferior to the lesser trochanter with a detector 
collimation of 64 x 0.5 mm and a gantry rotation time of 0.5 s in helical acquisition mode. 
The pitch was set at 0.828 (helical pitch 53) and the scan field of view was 500 mm with a 
256 x 256 matrix. The helical image data was reconstructed at 2 mm slice thickness with 2 
mm intervals, using the body reconstruction kernel FC13 for optimum spatial resolution and a 
380 mm reconstructed field of view. Quality assurance (QA) scans were performed with a 
solid phantom (Mindways QA Model 3, Mindways Software Inc, Austin, USA) on each day 
when study measurements took place to monitor the CT scanner performance characteristics 
during the study period.  
Cortical, trabecular and integral BMC and biomechanical variables 
QCT-Pro Software Version 4.2.3 (Mindways Software Inc, Austin, USA) was used to analyse 
participant pelvic CT scans and the CTXA-Hip analysis estimated cortical, trabecular and 
integral mineral mass (BMC; g at traditional regions of interest within the proximal femur 
(femoral neck, trochanter and inter-trochanter sites). CTXA-Hip analysis was performed 
according to the QCT-Pro instruction manual (version 4.2.3) and involved the following 
automated steps, i) extraction of the proximal femur and ii) rotation and segmentation of bone 
voxels from soft tissue in three planes (axial, sagittal and coronal). Pre- and post-intervention 
scans were analysed together to ensure consistent positioning between scans. For each scan at 
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each time point, a fixed threshold (450 mg/cm3) was used to delineate cortical from 
trabecular bone. QCT-Pro Bone Investigational Toolkit version 2 (Mindways Software Inc, 
Austin, USA) was then used to estimate biomechanical variables, including cross-sectional 
area (CSA; cm2), the minimum and maximum cross-sectional moment of inertia (CSMImin 
and CSMImax; cm4) and buckling ratio (BR) at the mid femoral neck, located where 
eccentricity (ratio of lengths of major and minor principal axes) was 1.4.  
Distribution of cortical and trabecular bone across the proximal femur 
Cortical Bone Mapping (29) was applied to each CT scan to display local, pointwise 
measurements of the thickness (mm) and mass surface density (the mass of bone per unit 
surface area at each point on the cortex; mg/cm2) of cortical bone and the density (mg/cm3) of 
endocortical trabecular bone, as a colour map over each participant’s 3D bone surface, with 
several thousand independent measures across each proximal femur. A single value of 
average cortical density (mg/cm3) was estimated for the whole proximal femur (29), by 
reference to the calibration standards in the Mindways phantom, converting Hounsfield Units 
into mg/cm3 of bone. The process of measuring cortical thickness, mass surface density and 
endocortical trabecular density at every vertex on a 3D bone surface has been described in 
detail previously (29-32). In brief, this procedure involved segmentation of each femur using 
Stradwin software (Treece, Gee, Cambridge UK) to create a 3D surface rendered image, 
followed by registration of each proximal femur to an average right canonical proximal femur 
model. Each participant’s map from the post-intervention scan was subtracted from his own 
pre-intervention bone map to give a difference map for each leg (EL and CL). Statistical 
parametric mapping was used to find and quantify where the cortical mass surface density, 
thickness and endocortical trabecular density differed pre and post-intervention.  
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Statistical analysis  
Statistical analysis for anthropometric (height, body mass, BMI) and QCT-Pro derived 
variables was conducted using PASW Statistics (21.0; SPSS Inc, Chicago, IL, USA). Paired 
t-tests were used to determine differences pre and post-intervention for anthropometric 
variables. Two-way repeated measures analysis of variance (RM-ANOVA) was used to 
examine the influence of the hopping exercise programme on natural log transformed data for 
QCT-Pro derived variables over time (pre vs. post); between legs (exercise leg [EL] vs. 
control leg [CL]) and to detect leg × time interactions. Repeated measures multivariate 
analysis of variance (RM-MANOVA) was used to determine whether exercise effects 
differed according to hip site over time (leg × time × site [femoral neck, trochanter, inter-
trochanter] interactions). For variables derived from Cortical Bone Mapping, Surfstat 
(http://math.mccgill.ca/keith/surfstat/33) was used to test whether the difference value at each 
vertex was significantly different from zero using a fixed-effects general linear model. Paired 
t-tests were calculated to test the significance of differences pre and post-intervention and any 
difference between legs. Results for cortical and endocortical trabecular bone mapping 
variables are expressed either as an absolute measure or as a percentage change of the pre-
intervention value. For all statistical analysis, the significance level was set at P<0.05. 
 
Results 
Intervention adherence and physical characteristics  
Fifty men completed pre-intervention assessments and commenced the intervention. Fourteen 
(28%) withdrew from the study because of health problems or injuries unrelated to the 
intervention (n=9), time commitments (n=2) or musculoskeletal discomfort during exercise 
(n=3) (24). Two participants’ CT scans were affected by movement or other artefact and were 
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therefore excluded from further analysis. Data were analysed for the remaining thirty-four 
men, who completed 92% of prescribed sessions (mean (SD) 308 (30) sessions out of the 336 
prescribed sessions). Pre-intervention, the men reported completing 1.9 (2.0) hrs/wk current 
physical activity, and consuming a dietary intake of 3.1 (1.7) µg/d dietary vitamin D and 
1065.8 (261.8) mg/d calcium.  
There were no significant changes pre- to post-intervention for height [175.0 (6.2) vs. 174.9 
(6.1) cm, paired t-test, P=0.603), body mass [80.0 (8.2) vs. 79.8 (7.8) kg, paired t-test, 
P=0.667) or body mass index [26.1 (2.3) vs. 26.1 (2.2) kg/m2, paired t-test, P=0.913). There 
were no significant differences between physical characteristics (height, body mass, BMI) for 
the men that withdrew from the study (n=16, including those missing CT scans) and those 
that completed the trial (n=34) (paired t-test, 0.145<P<0.365). 
Cortical, trabecular and integral BMC and biomechanical variables 
At femoral neck, trochanter and intertrochanter sites, both cortical and trabecular BMC 
increased significantly over time in each leg, leading to a statistically significant increase in 
integral BMC at each region of the proximal femur (all P<0.05 for time factor in RM-
ANOVA; Table 1, Figure 1).  
At the trochanter, cortical BMC increased significantly more in the EL compared to CL (net 
benefit in exercise relative to control leg of 12.6%), although the increase in trabecular BMC 
did not differ significantly between legs (net benefit 1.2%). This contributed to a significant 
increase in integral BMC at the trochanter (net benefit of 4.0%; RM-ANOVA interaction; 
P=0.004; Table 1, Figure 1). 
At the intertrochanter and femoral neck sites, the net benefits in the exercise relative to the 
control leg were smaller (changes in cortical, trabecular and integral bone mineral masses 
were +0.9, -2.1 and -0.1% at intertrochanter and +0.6, -1.3 and +0.5% at femoral neck) and 
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did not differ significantly between exercise and control legs (leg x time interaction P>0.05; 
Table 1, Figure 1). 
When effects were compared between sites (femoral neck, trochanter, inter-trochanter) by 
RM-MANOVA, an overall exercise effect was evident for cortical BMC (significant leg x 
time interaction, P=0.041), which differed according to site (leg × time x site, P=0.003). 
There were no overall exercise effects for trabecular (leg × time, P=0.455), or integral BMC 
(leg ×, P=0.185) and consequently no effects between sites (leg x time x site, P>0.05). 
The effects of the exercise intervention on biomechanical variables of femoral neck strength 
are shown in Table 1. Buckling ratio decreased significantly more in the EL (-8.3%) than the 
CL leg (-4.6%) (RM-ANOVA interaction, P=0.014; Table 1) and there were significant 
changes over time for all other biomechanical variables (Table 1). CSMImax, CSMImin and 
CSA increased by 2.4%, 1.7% and 2.0% in the EL and by 0.9%, 3.1% and 2.1% in the CL.  
Distribution of cortical and trabecular bone across the proximal femur 
Overall proximal femur averages for cortical mass surface density, cortical density and 
endocortical trabecular density increased significantly after the 12-month exercise 
programme in both legs. The average increase in cortical mass surface density across the 
entire proximal femur was 2.7% (+4.5(1.3) mg/cm2, P<0.001) in the exercise leg and 1.6% in 
the control leg (+2.8(1.4) mg/cm2, P=0.002), yielding a net benefit of 1.1% (P=0.007).  
Statistically significant increases in regional cortical mass surface density were also apparent. 
The increases in cortical mass surface density varied across the proximal femur, with 
substantially larger increases (over +6%) evident at localised regions of the exercise leg: 
inferoanterior and superoposterior aspects of femoral neck and anterior aspect of 
intertrochanter region (Figure 2A). The control leg showed statistically significant increases 
in cortical mass surface density at the inferoanterior and posterior femoral neck, the anterior 
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aspect of the intertrochanter region and the lesser trochanter (Figure 2A), although changes 
were smaller in magnitude than those in the exercise leg.  
Cortical density increased by 1.8% (P=0.0001) in the exercise leg and 1.6% (P=0.001) in the 
control leg, although the net benefit of 0.1% did not differ significantly between legs 
(P=0.776). Cortical thickness increased by 0.5% in the exercise leg and decreased by 0.2% in 
the control leg, although these changes were not statistically significant (P=0.24 and 0.57 
respectively) and the net difference between legs (0.8%) was not statistically significant 
(P=0.127). 
The average density of the endocortical trabecular layer increased across the entire proximal 
femur by 6.4% (+9.8(3.1) mg/cm3, paired t-test, P<0.001) in the exercise leg and 4.5% 
(+6.5(3.4) mg/cm3, paired t-test, P<0.001) in the control leg, with the net benefit of 1.9% 
being statistically significant (P=0.019).   
The changes in endocortical trabecular density were also varied across the proximal femur in 
the exercise leg, up to 12% (Figure 2B). The largest relative percentage increases in 
endocortical trabecular density in the exercise leg (over +12%) were at the inferoanterior 
aspect of the femoral neck, the anterior aspect of the greater trochanter and the inferior of the 
femoral head, and increases of up to 6% were also evident at the lateral shaft (Figure 2B). 
The control leg also showed some statistically significant increases in endocortical trabecular 
density at similar regions, although these affected a much smaller proportion of the proximal 
femur (Figure 2B). 
Discussion 
This is the first randomised controlled trial using clinical CT to investigate the longitudinal 
effects of exercise on the mass and 3D distribution of cortical and trabecular bone across the 
proximal femur. We discovered that cortical and trabecular BMC increased at the trochanter, 
femoral neck and intertrochanter during the study. Cortical BMC at the trochanter increased 
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more in the exercise leg than control leg, whilst femoral neck buckling ratio declined more in 
the exercise than control leg. Across the entire proximal femur, cortical mass surface density 
and endocortical trabecular density increased significantly with exercise, with larger localised 
changes evident in some localised regions. We therefore demonstrated that 12-months of very 
brief (~3 minutes) hopping exercises produced varied and focal changes in cortical and 
trabecular bone throughout the proximal femur as well as changes in biomechanical 
properties of bone strength at the mid femoral neck.  
Substantial cortical bone adaptation was evident during the hopping intervention. The relative 
magnitude of the exercise-induced increases in cortical BMC were proportionally greater 
than those found for trabecular BMC. Cortical and integral BMC at the trochanter, and across 
the proximal femur, increased significantly more in the exercise leg than the control leg, and 
cortical bone mass surface density responses differed substantially across the proximal femur. 
Since we did not detect significant changes in cortical thickness or cortical density, we cannot 
determine whether the increase in focal cortical mass was due to thickening of the cortex or 
by infilling of cortical pores. At the femoral neck, the increase in cortical mass surface 
density we found after 12 months of very brief exercise (over 6%) was of a similar magnitude 
to the increase previously reported following 36 months of treatment with Denosumab (4-
5%) (28), suggesting that exercise could produce localised changes in cortical bone at key 
regions of proximal femur that are at least of comparable magnitude as pharmaceutical 
treatment. 
We also found that buckling ratio decreased significantly more in the exercise than control 
leg at the femoral neck, although increases in cortical and trabecular masses and cross-
sectional area did not differ significantly between legs. That buckling ratio should increase 
more in one leg than the other, when both showed similar increases in mass implies a 
redistribution of bone. Cross-sectional moment of inertia increased over time which may also 
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imply a redistribution of bone at the femoral neck and this finding is consistent with our 
findings from DXA (24). The cortical mass maps demonstrated that there was indeed 
substantial regional variation in cortical mass surface density. Our findings are important 
because previous studies using clinical CT have shown women with femoral neck fractures 
have a lower bending strength and higher buckling ratio than controls (34), so this 
redistribution of bone may reflect increased bone strength and reduced fracture risk. 
There was substantial regional variation in bone changes following exercise. At the femoral 
neck, we discovered particularly large increases in cortical mass surface density and 
endocortical trabecular density at the inferoanterior aspect (over 6% and 12%, Figures 2) and 
the superoposterior aspect (over 6% and 10%, Figures 2). Clear visual differences between 
the exercise and control leg were also evident at these sub-regions (Figures 2). With ageing, 
substantial declines in cortical thickness and trabecular density occur in the superoposterior 
region (10-12) which compromises the femur's capacity to resist fracture in a sideways fall 
(35-36). Thinning of the superolateral cortex has been associated with femoral neck fracture 
(13) and trabecular weakness in the superior region has been reported in femoral neck 
fracture cases (14). Our findings suggest that these regional age-related effects may be 
counteracted by targeted exercise which could reduce risk of fracture. 
After 12 months of exercise, we also found large focal increases in cortical mass surface 
density (over 5%) at the posteromedial conjunction of the femoral neck and shaft, i.e. the 
calcar femorale. This finding may potentially have clinical importance because the calcar 
femorale is a fundamental anatomical structure for the proximal femur that increases its 
mechanical strength (37) by bearing compression load and redistributing stress (38) and thus 
may also be important in fracture risk (39). Increased trabecular density was also evident at 
the inferior aspect of the femoral head, whose trabecular density contributed most strongly to 
hip fracture discrimination in vivo (40). 
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Most studies regarding hip fracture risk have focused on cortical bone in the femoral neck 
sub regions, but recent evidence has shown that trabecular bone loss in hip fracture patients 
occurs not only at femoral neck but also expanded to the intertrochanteric region (41-42) 
which is a region of the proximal femur that is rich in trabecular bone. We detected 
substantial changes in endocortical trabecular density in the lateral trochanteric region 
(between 10-13%) with exercise, but little change in cortical mass surface density at this site. 
Our demonstration of these endocortical trabecular responses to exercise suggests that 
exercise induced bone adaptations may reduce risk of trochanteric and femoral neck 
fractures.  
Overall trabecular BMC changes (as assessed by analysis of trabecular BMD by Mindways 
software) did not differ significantly between legs, although the endocortical trabecular 
density (as assessed by cortical bone mapping) increased more in the exercise than the control 
leg. This discrepancy between the two trabecular bone measures most likely reflects the 
different volume assessed and may possibly suggest a redistribution of trabecular mass with 
exercise. The bone mapping demonstrated substantial variation in endocortical trabecular 
density changes. The greater cortical (and endocortical trabecular) response may reflect 
adaptation to increased strain distributed primarily through the cortex and endocortical layer 
of trabecular bone, or a shorter remodelling cycle in cortical bone (median of 120 days) (43) 
than in trabecular bone (up to 2 years). 
Cortical and trabecular BMC increased at the trochanter, femoral neck and intertrochanter 
over time in both legs. The increase in the control leg was not detected by DXA (24) whereby 
there was no increase aBMD and BMC of the femoral neck, whilst increases in means at 
trochanter and total hip sites were not statistically significant. It is possible that CT provides 
greater power than DXA to detect localised changes in bone. The increases in control leg 
BMC may have been due to "cross-education"; a neurophysiological phenomenon whereby 
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muscular strength gains can occur in the opposite, untrained limb following unilateral 
training, which may have contributed to greater bone mass. However, there was no evidence 
of increased lean mass in either leg by DXA. Alternatively, training of one limb may have 
increased the impact forces imposed on the contralateral limb during habitual activities such 
as stair ascent/descent. A further explanation is that participants may have increased physical 
activity.  
The response of bone to exercise is dependent upon the mechanical loads (i.e. strains) 
imposed upon it from the activity (44). The hopping exercises in our study incorporated a 
variety of multidirectional movements that were designed to distribute a variation of stresses 
and strains throughout the proximal femur. Large increases in cortical and trabecular bone 
were discovered in key locations throughout the proximal femur, suggesting that the 
multidirectional hopping exercise were effective at modulating the strain distributions more 
widely than in those regions (i.e. inferior femoral neck) which typically experience a high 
amount of loading during habitual activity such as walking. Noticeably, some of the localised 
gains coincided with attachment points (namely the lateral facet and anterior border of the 
greater trochanter and lesser trochanter) of the primary hip abductors (gluteus medius), 
extensors (gluteus minimums) and primary hip flexors (iliopsoas) and one study comparing 
impact exercises has shown that the gluteal muscles are most activated during single legged, 
sagittal plane hops (45). Therefore, compression and/or tensile stresses generated through 
skeletal muscle contraction as well as ground impact may have contributed to the localised 
bone gain on cortical and trabecular surfaces.   
Individuals who take part in regular exercise have substantially reduced fracture risk (46), 
despite only modest effects of exercise on aBMD. Our findings of localised skeletal 
adaptations to exercise suggests that specific exercises designed to target regions important to 
structural integrity could increase bone strength disproportionately more than aBMD and 
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could further explain the lower fracture risk in exercisers. Thus, previous exercise studies 
using aBMD as the main outcome measurement may have underestimated the changes in 
bone strength that occurred with exercise. Current exercise guidance for bone health e.g. the 
American College of Sports Medicine (47) is based on findings from intervention studies that 
have measured aBMD. However, exercise that is most effective for increasing aBMD may 
not necessarily be the most effective exercise for targeting other important biomarkers of 
bone strength such as cortical and/or trabecular structures. Our findings highlight the 
importance of using 3D scanning technologies in future trials for identifying localised 
structural changes in both cortical and trabecular bone compartments, to determine the 
optimal training components (i.e. type, intensity, frequency and duration) of exercise for 
increasing bone strength and resistance to fracture. Application of modelling techniques such 
as finite element analysis to 3D CT data would add important information about the stresses 
and strain distributions (e.g. compression, tension) experienced on the proximal femur from 
exercise and ultimately help with this endeavour.   
Currently the lack of persistence with exercise over a period of years is a major problem for 
exercise invention trials in bone health research. In older adults, exercise induced changes in 
bone mass and structure seem to be largely dependent on continued compliance and ability to 
maintain sufficient exercise intensity (48). In the current study, adherence to the exercise 
programme was 92% which suggests that short bursts of high intensity exercise (home-based) 
was not only effective for producing localised changes in cortical and trabecular bone 
compartments, but, importantly, was also feasible for this group of healthy older men to 
continue with in the longer term.  
There are strengths and limitations to this work. A major strength was using 3D scanning 
technologies and computational anatomy techniques to provide a detailed delineation of 
exercise effects on the distribution of mass and cortical and trabecular bone throughout the 
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proximal femur; effects that would have otherwise been overlooked by DXA. A limitation is  
that we did not include an independent control group, as changes in a control leg did not 
differ significantly from changes in an independent control group in our previous study in 
premenopausal women (25); however increases in the control leg were evident in this study. 
A further limitation is that we did not objectively assess physical activity or estimate dietary 
habits after the intervention, so we are unable to quantify any changes in these factors but we 
requested that participants maintained their normal habits during the trial. The benefits of 
exercise in the control leg, the relatively small sample size and subsequent high variability 
may have confounded our ability to find some statistically significant changes in the exercise 
leg relative to control. The study was conducted in healthy older men so findings may be less 
generalizable to other groups, for whom the exercise prescription may need modification. 
In conclusion, we discovered that short bursts of regular hopping exercises increased cortical 
mass surface density and endocortical trabecular density throughout the proximal femur (12 
months). These exercise induced changes were varied across the proximal femur, but 
included some substantial localised adaptations at regions that may be important to structural 
integrity and hip fracture risk. Therefore, exercise that targets localised cortical and/or 
trabecular regions of the proximal femur could produce greater increases in bone strength and 
resistance to fracture than would be expected from areal BMD.  
Acknowledgements  
This research was financially supported by a National Osteoporosis Innovative Award, 
Medical Research Council UK Interdisciplinary Bridging Award and a Loughborough 
University Scholarship. KESP acknowledges support of Cambridge NIHR Biomedical 
Research Centre. The authors would like to thank the team of radiographers at Leicester 
Royal Infirmary Hospital for performing the clinical CT scans and the participants for taking 
part in the study.  
19 
 
Authors’ roles: Study design: SA, WR, JF, GS and KBW. Data collection: SA and WR with 
advice from GS, KP and KBW. Data analysis: SA, KBW, GT, AG, CT. Data interpretation: 
SA, KP, GT, AG, KBW. Drafting manuscript: SA, KBW. Revising manuscript content: SA, 
KP, GT, AG, CT, WR, JF, GS, KBW. Approving final version of manuscript: SA, KP, GT, 
AG, CT, WR, JF, GS, KBW.  
 
References 
1.  Gutiérrez L, Roskell N, Castellsague J, Beard S, Rycroft C, Abeysinghe S, Shannon P, 
Robbins S, Gitlin M. Study of the incremental cost and clinical burden of hip fracture in 
postmenopausal women in the United Kingdom. J Med Econ 2011;14:99-107.  
2.  Cummings SR, Bates D, Black DM. Clinical use of bone densitometry: scientific review. 
JAMA 2002;288:1889-1897.  
3.  Cummings SR, Black DM, Nevitt MC, Browner W, Cauley J, Ensrud K, Genant HK, 
Palermo L, Scott J, Vogt TM. Bone density at various sites for prediction of hip 
fractures. The Study of Osteoporotic Fractures Research Group. Lancet 1993; 341:72-75. 
4.  Bell KL, Loveridge N, Power J, Garrahan N, Stanton M, Lunt M, Meggitt BF, Reeve J. 
Structure of the femoral neck in hip fracture: cortical bone loss in the inferoanterior to 
superoposterior axis. J Bone Miner Res 1999;14:111-119. 
5. Bell KL, Loveridge N, Power J, Garrahan N, Meggitt BF, Reeve J. Regional differences 
in cortical porosity in the fractured femoral neck. Bone 1999;24:57-64. 
6. Crabtree N, Loveridge N, Parker M, Rushton N, Power J, Bell KL, Beck TJ, Reeve J. 
Intracapsular hip fracture and the region-specific loss of cortical bone:  Analysis by 
peripheral quantitative computed tomography. J Bone Miner Res 2001;16:1318-1328. 
7.  de Bakker A, Manske SL, Ebacher V, Oxland TR, Cripton PA, Guy P. During sideways 
falls proximal femur fractures initiate in the superolateral cortex: evidence from high-
speed video of simulated fractures. J Biomech 2009;42:1917-1925. 
8. Mayhew PM, Thomas CD, Clement JG, Loveridge N, Beck TJ, Bonfield W, Burgoyne 
CJ, Reeve J. Relation between age, femoral neck cortical stability, and hip fracture risk. 
Lancet 2005;366:129-135. 
9. Poole KE, Mayhew PM, Rose CM, Brown JK, Bearcroft PJ, Loveridge N, Reeve J. 
Changing structure of the femoral neck across the adult female lifespan. J Bone Miner 
Res 2010;25:482-491. 
10. Jóhannesdóttir F, Aspelund T, Reeve J, Poole KE, Sigurdsson S, Harris TB, Gudnason 
VG, Sigurdsson G. Similarities and differences between sexes in regional  loss of 
cortical and trabecular bone in the mid-femoral neck: The AGES-Reykjavik Longitudinal 
Study. J Bone Miner Res 2013;28:2165-2176. 
11. Mayhew, PM, Ross, CM, Brown, K, Bearcroft, P, Loveridge N, Reeve, J, Poole, KES. 
Asymmetric femoral neck trabecular bone loss with ageing: relative preservation of the 
inferior region. J Bone Joint Surg Br 2011. 93-Bno. SUPP I 69. 
20 
 
12. Thomas CD, Mayhew PM, Power J, Poole KE, Loveridge N, Clement JG, Burgoyne CJ, 
Reeve J. Femoral neck trabecular bone: loss with aging and role in preventing fracture. J 
Bone Miner Res 2009;24:1808-1818.  
13.  Jóhannesdóttir F, Poole KE, Reeve J, Siggeirsdottir K, Aspelund T, Mogensen B, 
Jonsson BY, Sigurdsson S, Harris TB, Gudnason VG, Sigurdsson G. Distribution of 
cortical bone in the femoral neck and hip fracture: A prospective case-control analysis of 
143 incident hip fractures; the AGES-REYKJAVIK Study. Bone 2011;48:1268-1276. 
14.  Milovanovic P, Djonic D, Marshall R, Hahn M, Nikolic S, Zivkovic V, Amling M, 
Djuric M. Micro-structural basis for particular vulnerability of the superolateral neck 
trabecular bone in the postmenopausal women with hip fractures. Bone 2012;50:63-68. 
15.  Martelli S, Kersh ME, Schache AG, Pandy MG. Strain energy in the femoral neck during 
exercise. J Biomech 2014;47:1784-1791.  
16. Järvinen TL, Kannus P, Sievänen H: Have the DXA-based exercise studies seriously 
underestimated the effects of mechanical loading on bone? J Bone Miner Res 1999; 
14:1634-1635. 
17. Järvinen TL, Kannus P, Sievänen H, Jolma P, Heinonen A, Järvinen M. Randomized 
controlled study of effects of sudden impact loading on rat femur. J Bone Miner Res 
1998;13:1475-1482. 
18. Robling AG, Hinant FM, Burr DB, Turner CH. Improved bone structure and strength 
after long-term mechanical loading is greatest if loading is separated into short bouts. J 
Bone Miner Res 2002;17:1545-1554. 
19. Warden SJ, Hurst JA, Sanders MS, Turner CH, Burr DB, Li J. Bone adaptation to a 
mechanical loading program significantly increases skeletal fatigue resistance. J Bone 
Miner Res 2005;20:809-816. 
20.  Nikander R, Kannus P, Dastidar P, Hannula M, Harrison L, Cervinka T, Narra NG, 
Aktour R, Arola T, Eskola H, Soimakallio S, Heinonen A, Hyttinen J, Sievänen H. 
Targeted exercises against hip fragility. Osteoporos Int 2009;20:1321-1328. 
21.  Adami S, Gatti D, Braga V, Bianchini D, Rossini M. Site specific effects of strength 
training on bone structure and geometry of ultradistal radius in post-menopausal women. 
J Bone Miner Res 1999;14:120-124. 
22.  Uusi-Rasi K, Kannus P, Cheng S, Sievänen H, Pasanen M, Heinonen A, Nenonen A, 
Halleen J, Fuerst T, Genant H, Vuori I. Effect of alendronate and exercise on bone and 
physical performance of postmenopausal women: a randomized controlled trial. Bone 
2003;33:132-143. 
23.  Lang TF, Saeed IH, Streeper T, Carballido-Gamio J, Harnish RJ, Frassetto LA, Lee SM, 
Sibonga JD, Keyak JH, Spiering BA, Grodsinsky CM, Bloomberg JJ,Cavanagh PR 
Spatial heterogeneity in the response of the proximal femur to two lower-body resistance 
exercise regimens. J Bone Miner Res 2014; 29:1337-1345. 
24. Allison SJ, Folland JP, Rennie WJ, Summers GD, Brooke-Wavell K. High impact 
exercise increased femoral neck bone mineral density in older men: a randomised 
unilateral intervention. Bone 2013;53:321-328. 
21 
 
25. Bailey CA, Brooke-Wavell K. Optimum frequency of exercise for bone health: 
randomised controlled trial of a high-impact unilateral intervention. Bone 2010; 
46(4):1043-1049. 
26. Lanyon LE. Functional strain in bone tissue as an objective, and controlling stimulus for 
adaptive bone remodelling. J Biomech 1987; 20(11-12):1083–1093. 
27. Mosley JR, Lanyon LE. Strain rate as a controlling influence on adaptive modeling in 
response to dynamic loading of the ulna in growing male rats. Bone 1998, 23(4):313–8. 
28. Rubin CT, Lanyon LE. Regulation of bone mass by mechanical strain magnitude. Calcif 
Tissue Int 1985; 37(4):411–7. 
29. Treece GM, Poole KE, Gee AH. Imaging the femoral cortex: Thickness, density and mass 
from clinical CT. Med Image Anal 2012;16:952-965. 
30. Poole KE, Treece GM, Mayhew PM, Vaculik J, Dungl P, Horák M, Štěpán JJ, Gee AH. 
Cortical  thickness mapping to identify focal osteoporosis in patients with hip fracture. 
PLoS One 2012;7: e38466. 
31. Poole KE, Treece GM, Gee AH, Brown JP, McClung MR, Wang A, Libanati C. 
Denosumab Rapidly Increases Cortical Bone in Key Locations of the Femur: A 3D Bone 
Mapping Study in Women with Osteoporosis. J Bone Miner Res 2014 Aug 4.  
32. Treece GM, Gee, AH. Independent measurement of femoral cortical thickness and 
cortical bone density using clinical CT. Technical report CUED/F-INFENG/TR691, 
CambridgeUniversity Department of Engineering, April 2014. 
33. Worsley K, Taylor J, Carbonell F, Chung MK, Duerden E, Bernhardt B, Lyttelton O, 
Boucher M, Evans AC. SurfStat: A Matlab toolbox for the statistical analysis of 
univariate and multivariate surface and volumetric data using linear mixed effects 
models and random field theory. NeuroImage Organization for Human Brain Mapping 
2009 Annual Meeting 2009;47:S102. 
34. Ito M, Wakao N, Hida T, Matsui Y, Abe Y, Aoyagi K, Uetani M, Harada A. Analysis of 
hip geometry by clinical CT for the assessment of hip fracture risk in elderly Japanese 
women. Bone 2010;46:453–457.  
35. Lotz JC, Cheal EJ, Hayes WC. Stress distributions within the proximal femur during gait 
and falls: Implications for osteoporotic fracture. Osteoporosis Int 1995;5:252–261. 
36.  Verhulp E, van Rietbergen B, Huiskes R. Load distribution in the healthy and 
osteoporotic human proximal femur during a fall to the side. Bone 2008;42:30–35.  
37. Glinkowski W, Wojnarowski. Effect of calcar femoral upon the strength of proximal end 
of the femur: modelling with finite element method. Med Sci Moni 1998 (Suppl 2):114-
115. 
38. Zhang Q, Chen W, Liu HJ, Li ZY, Song ZH, Pan JS, Zhang YZ.  The role of the calcar 
femorale in stress distribution in the proximal femur. Orthop Surg 2009;1:311-316.  
39. Glinkowski, W. Calcar femorale influences the fracture site of osteoporotic proximal 
femur. Osteoporosis International 1999;6(Suppl 1):157.  
40. Bousson VD1, Adams J, Engelke K, Aout M, Cohen-Solal M, Bergot C, Haguenauer D, 
Goldberg D, Champion K, Aksouh R, Vicaut E, Laredo JD. In vivo discrimination of hip 
22 
 
fracture with quantitative computed tomography: results from the prospective European 
Femur Fracture Study (EFFECT). J Bone Miner Res 2011;26:881-893.  
41. Carballido-Gamio J, Harnish R, Saeed I, Streeper T, Sigurdsson S, Amin S, Atkinson EJ, 
Therneau TM, Siggeirsdottir K, Cheng X, Melton LJ 3rd, Keyak J, Gudnason V, Khosla 
S, Harris TB, Lang TF. Proximal femoral density distribution and structure in relation to 
age and hip fracture risk in women. J Bone Miner Res 2013;28:537-546.  
42. Wang, J, Zhou B, Parkinson I, Thaoms, CD, Clement, JG, Fazzalari N, Guo XE. 
Trabecular Plate Loss and Deteriorating Elastic Modulus of Femoral Trabecular Bone in 
Intertrochanteric Hip Fractures Bone Research 2013;4:346-354. 
43. Agerbaek MO, Eriksen EF, Kragstrup J, Mosekilde L, Melsen F. A reconstruction of the 
remodelling cycle in normal human cortical iliac bone. Bone Miner 1991;12:101-112.  
44. Frost HM. Bone's mechanostat: a 2003 update. Anat Rec. 2003;275:1081–1101.  
45. Struminger AH, Lewek MD, Goto S, Hibberd E, Blackburn T. Comparison of gluteal 
and hamstring activation during five commonly used plyometric exercises. Clin Biomech 
2013 28:783-789. 
46. Moayyeri A. The association between physical activity and osteoporotic fractures: a 
review of the evidence and implications for future research. Ann Epidemiol 
2008;18:827-835. 
47. Kohrt WM, Bloomfield SA, Little KD, Nelson ME, Yingling VR. American College of 
Sports Medicine Position Stand: physical activity and bone health. Med Sci Sports Exerc 
2004; 36:1985-1996. 
48. Hamilton CJ, Swan VJ, Jamal SA. The effects of exercise and physical activity 
participation on bone mass and geometry in postmenopausal women: a systematic review 
of pQCT studies. Osteoporos Int 2010;21:11-23. 
 
23 
 
Figure Legends 
 
Figure 1 Changes in integral, trabecular and cortical bone mineral content of the exercise leg 
(EL) and control leg (CL) during the 12 month exercise programme. Values are 
median±interquartile range. 
* RM-ANOVA of log transformed data revealed a difference in response between legs for 
cortical BMC (significant leg x time interaction, P=0.041).  
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Figure 2 Changes in cortical surface mass density (A) and endocortical trabecular density (B) 
in the exercise leg and control leg. Data are expressed as a percentage change from pre-
intervention values. 3D colour maps are displayed across an average right proximal femur in 
anterior, posterior and inferior anatomical views. Areas where there were no statistically 
significant changes are shown in the grey colour.  
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Table 1 Proximal femur cortical and trabecular bone mineral mass and biomechanical variables in the EL (n=34) and CL (n=34) before and after 
the exercise programme. Data are expressed as mean (95% CI). 
  EL (exercise leg), CL (control leg), BR (buckling ratio), CSMI (cross section moment of inertia), CSA (cross-section area) 
 
 
 
 EL (n=34) CL (n=34) P value from RM-ANOVA 
 Pre Post Pre Post Time Leg Leg x 
Time 
Trochanter         
Cortical BMC (g) 2.37 (2.01-2.80) 2.74 (2.32-3.24) 2.55 (2.18-2.98) 2.63 (2.20-3.14) 0.000 0.606 0.001 
Trabecular BMC (g) 6.53 (6.19-6.89) 6.76 (6.38-7.17) 6.58 (6.21-6.98) 6.73 (6.29-7.21) 0.005 0.961 0.434 
Integral BMC (g)  9.04 (8.40-9.72) 9.66 (8.93-10.45) 9.25 (8.58-9.98) 9.50 (8.68-10.40) 0.000 0.832 0.004 
        
Intertrochanter         
Cortical BMC (g) 12.20 (11.06-13.46) 13.26 (12.00-14.65) 12.09 (11.00-13.29) 13.03 (11.88-14.29) 0.000 0.585 0.813 
Trabecular BMC (g) 8.29 (7.83-8.77) 8.40 (7.91-8.93) 8.15 (7.64-8.70) 8.43 (7.89-9.00) 0.016 0.599 0.239 
Integral BMC (g)  20.61 (19.14-22.19) 21.79 (20.15-23.57) 20.36 (18.87-21.96) 21.55 (19.97-23.27) 0.000 0.529 0.951 
        
Femoral Neck        
Cortical BMC (g) 1.89 (1.72-2.08) 2.08 (1.86-2.33) 1.90 (1.71-2.11) 2.08 (1.87-2.33) 0.000 0.935 0.852 
Trabecular BMC (g)   2.44 (2.31-.2.58) 2.49 (2.36-2.62) 2.40 (2.24-2.58) 2.48 (2.32-2.64) 0.001 0.588 0.565 
Integral BMC (g)  4.37 (4.11-4.65) 4.63 (4.35-4.93) 4.37 (4.11-4.65) 4.61 (4.28-4.96) 0.000 0.826 0.705 
        
Mid Femoral Neck Geometry         
BR 13.7 (12.4-15.1) 12.5 (11.3-13.9) 13.6 (12.3-15.0) 12.9 (11.6-14.4) 0.000 0.587 0.014 
CSMImin cm4) 12.8 (11.8-13.8) 13.0 (12.0-14.1) 12.5 (11.6-13.4) 12.8 (11.9-13.9) 0.004 0.326 0.251 
CSMImax (cm4) 15.9 (14.7-17.1) 16.3 (15.1-17.5) 16.2 (15.0-17.4) 16.3 (15.1-17.7) 0.037 0.616 0.154 
CSA (cm2)                    12.4 (12.0-12.8) 12.6 (12.2-13.0) 12.4 (12.0-12.8) 12.6 (12.2-13.1) 0.000 0.999 0.819 
